Objective: Paediatric cardiac surgery is often performed under hypothermic conditions, that is, with a reduced core body temperature. Certain interventions even require the circulation to be stopped. This can only be done at a body temperature of 18 8C, with no risk of neurological damage and harm to the brain and other organs. Vasoconstriction is a natural reaction of the body to cold, causing the blood vessels to contract. Such a reaction would lead to a clear rise in blood pressure on cardiopulmonary bypass (CPB). Since the blood pressure is regulated in the arteriolar loop of the capillary system, there is a marked increase in blood pressure and a suppression of free water into the surrounding tissue, which, in turn, may lead to the intra-operative development of oedemas. This study aimed to investigate whether the high-flow, low-resistance (HFLR) technique offers any benefits over conventional methods. Method: This open, prospective, randomised study was to recruit 48 children scheduled to undergo surgery for congenital heart disease. To investigate the two different perfusion strategies, we have measured intestinal perfusion as well as skin perfusion with laser Doppler spectroscopy. To identify the effects on the immune system, selected immunologic parameters of systemic inflammation were additionally measured. Laser Doppler spectroscopy is a method that uses a glass fibre probe to determine the parameters of oxygen saturation of haemoglobin and relative haemoglobin quantity in an illuminated tissue volume, as well as the perfusion parameters of relative blood flow and blood flow velocity in the sample volume of the probe. Results: During the study period, the change in oxygen saturation over time was comparable in both groups. At the end of surgery, the patients of the high-flow group had significantly higher saturation levels in the intestinal mucosa ( p < 0.05). Over the course of intensive care, the groups did not differ in terms of fluid supply, administration of packed red blood cells, platelet concentrates or fresh frozen plasma. Analysis of urinary output revealed significant group differences. It was higher in the patients of the high-flow group than the normal-flow group ( p < 0.03), without differences in diuretic administration. Conclusion: Laser Doppler spectroscopy is highly suited to the detection even of the slightest changes in flow characteristics and oxygenation of the skin, musculature and intestinal mucosa during surgery with extracorporeal circulation using CPB. At the same time, the technique of HFLR perfusion was found to have benefits over conventional bypass methods. #
Introduction
Virtually all the cells in the human body rely upon aerobic metabolism and consequently upon a constant, adequate supply of oxygen. Furthermore, not only the supply, but also the use of oxygen must be considered to be able to rule out a shunt phenomenon as the cause for an inadequate supply. Paediatric cardiac surgery is often performed under hypothermic conditions, that is, with a reduced core body temperature. Certain interventions even require the circulation to be stopped. This can only be done at a body temperature of 18 8C, with no risk of neurological damage and harm to the brain and other organs. Vasoconstriction is a natural reaction of the body to cold, causing the blood vessels to contract. Such a reaction would lead to a clear rise in blood pressure on cardiopulmonary bypass (CPB). Since the blood pressure is regulated in the arteriolar loop of the capillary system, there is a marked increase in blood pressure and a suppression of free water into the surrounding tissue, which, in turn, may lead to the intra-operative development of oedemas [1] . Such 'mechanical' development of oedema is possibly misconstrued as a capillary leak syndrome. For this reason, many heart centres reduce the flow on cardiopulmonary bypass. A reduction in the blood flow may lead to an inadequate supply of oxygen to the tissue, however, despite the decrease in body temperature [2, 3] . This oxygen deficit is detected during re-warming as a measurable increase in acidic metabolic end products (e.g., lactate).
Advocates of such a method claim that a reduced supply under hypothermic conditions can be tolerated by the body similarly to hibernation [4, 5] . Another approach is to counteract the natural reaction of the body and use medication to compensate for the cold-induced vasoconstriction. Thus, the surgeon has perfect conditions in which to operate while all the organs remain perfused even during hypothermia. To maintain the blood pressure, or rather organ perfusion, during vasodilation, the flow on CPB must be increased (up to 20% of baseline) [2, 6] . Using laser spectroscopy [7] , this study aimed to investigate whether the highflow, low-resistance (HFLR) technique offers any benefits over conventional methods.
Patients and method

Patients
A positive vote was available for this study from the Ethics Committee of the Medical Association of North Rhine, and consent to study participation was obtained from the legal guardians.
This open, prospective, randomised study was to recruit 48 children scheduled to undergo surgery for congenital heart disease. The inclusion criteria were written approval of the custodians and patients (> 37th week of pregnancy) from the first day of life to the end of the 14th year. The exclusion criteria were emergency surgery, surgery without extracorporeal circulation (ECC) and surgery with deep hypothermic circulatory arrest.
The patients were randomised to the following groups. A mean arterial pressure of 30 mmHg was applied during extracorporeal circulation in both groups. If the blood pressure of the patients in group 1 exceeded 35 mmHg, the flow was reduced until the predefined pressure was reached. Vasodilatory drugs (e.g., sodium nitroprusside and phentolamine) were used in the patients of group 2 to increase the flow to 120% with a pressure of 35 mmHg. Of the proposed 48 patients, 40 patients were enrolled in the study. In three patients, there were changes in the intra-operative procedure, and in five patients, there were intra-operative difficulties with the measuring device, hence the data could not be documented in full.
Study protocol
The first blood samples were taken following induction of anaesthesia. Probes were then attached for regional oxygen measurement (measurement site 1 + 2: surface and musculature of left forearm, site 3: colonic mucosa). Anaesthesia was managed as described above [8] . The patients of group 1 were treated using a conventional bypass method. If the blood pressure on CPB increased above 30 mmHg (peripheral vasoconstriction under hypothermia), the flow of the CPB was reduced until the target of 30 mmHg was reached but was no less than 50% of the calculated flow. The flow in the machine was increased to 120% in the patients of group 2. An arteriolar vasodilator (sodium nitroprusside) was administered at a dose between 1 and 3 mg kg À1 per body weight (BW) to achieve such a flow, without increasing the blood pressure. Regional oxygen supply and peripheral tissue perfusion were measured continuously. To ensure that the study groups were comparable, the following measurement times were selected. To compare the study results with laboratory parameters, lactate levels were measured in addition to evaluating the acid-base balance. The following immunologically relevant parameters were also determined: interleukin (IL)-6, procalcitonin and tumour necrosis factor-a (TNF-a). Immunological analysis was performed by the laboratory of Professor Seelig and Colleagues, Karlsruhe. The immunological parameters were measured prior to surgery following anaesthetic induction, at the end of surgery, as well as 24 and 48 h postoperatively. O2C (oxygen to see) is a method that uses a glass fibre probe to determine the parameters of oxygen saturation of haemoglobin and relative haemoglobin quantity in an illuminated tissue volume, as well as the perfusion parameters of relative blood flow and blood flow velocity in the sample volume of the probe. O2C uses laser light and white light to determine the perfusion parameters in the tissue. Erythrocyte movement causes a Doppler shift in the detected laser light. Such a Doppler shift in the frequency of the detected laser light is analysed by the O2C device as an indicator of blood flow velocity. As the number of moving erythrocytes in the tissue detected by the O2C device increases, so does the detected laser light signal. This value, together with blood flow velocity, is processed by O2C as the indicator of blood flow, or in short flow. O2C also uses a white light source for detecting the haemoglobin parameters such as oxygen saturation SO 2 and relative quantity of haemoglobin rHb. Oxygen saturation is determined from the colour of the blood, which changes according to the degree of saturation of haemoglobin with oxygen. The quantity of haemoglobin is determined by measuring tissue absorption. If a lot of blood is found in the illuminated sample volume of the probe, a lot of light is absorbed by haemoglobin, the strongest light absorber in the tissue, and correlatively less light can be detected by the probe. The O2C device calculates the relative haemoglobin quantity for the illuminated tissue volume from the portion of light absorbed. This represents a quantity of haemoglobin per tissue volume and depends on vascular filling, and the haemoglobin concentration in the blood.
Local tissue concentrations of haemoglobin rHb [AU]
Depending on the haemoglobin concentration, varying quantities of light are absorbed or reflected. The haemoglobin concentration is calculated from this total reflected intensity. This method functions with sound optimisation, since the absorption levels of haemoglobin are integrally extracted from the entire range of wavelength. This parameter is a gauge for the total quantity of blood in the illuminated tissue volume, and, unlike the blood flow, it detects all erythrocytes, whether they are moving or are stationary in a blood column.
Oxygen saturation of haemoglobin SO 2 [%]
The O2C device calculates, in real time, the saturation values of haemoglobin in up to two different tissue levels, such as skin and skeletal musculature. On its way through the tissue, the light assumes the colour of the blood. The light detected in the O2C device is analysed and the oxygen saturation of haemoglobin thus determined from the colour spectrum. White light that penetrates the tissue is spectrally changed by haemoglobin, the red blood pigment. The device records all values only in vessels smaller than 100 mm. In these vessels, about 75% of the blood volume is located in the venules. Therefore, the measured SO 2 reflects a postcapillary SO 2 value in the tissue and can be considered as a measure of the so-called 'lethal corner'.
The blood will have a different colour according to the oxygen saturation of haemoglobin. Fully saturated arterial blood is light red, while venous blood is dark red or violet in colour. Thus, measurements in the superficial tissue layers determine the haemoglobin spectrum in the visible wavelength range of 500-620 nm, and those in the deeper tissue depths the near-infrared haemoglobin spectrum between 650 and 800 nm.
Statistical methods
A full analysis of the data was performed by the company MoRe Data GmbH (Giessen).
For sample size calculation, the parameter SvO 2 10 min after the end of ECC was used as the primary outcome (type I error = 5%; type II error = 80%). The sample size of 24 patients per group already compensate for the possible loss of power when using a non-parametric test.
The results are given descriptively in tabulated form, with the arithmetic mean, standard deviation and a confidence interval for the mean value. The data were tested for normal distribution using the Shapiro-Wilk test. In most of the parameters, the test did not contradict the hypothesis of normal distribution. The question of whether there are differences in the parameters between the two defined groups was thus analysed using the t-test for independent samples. The non-parametric Mann-Whitney U test was applied to parameters for which the hypothesis of normal distribution had to be rejected. Questions regarding the course over time were analysed by a multivariate repeated measures analysis of variance. If the sphericity assumption was not met, a Greenhouse-Geisser correction was made. To compare the magnitude of experimental treatments, we calculated Cohen's d. Because of multiple comparisons, the Holm's sequentially method was used to control the multiple significance level of p = 0.05. Analysis was performed using the Software R version 2.8.0. Table 1 presents the biometric data as well as details of the intra-operative and postoperative course. The patients of the normal-flow group differ significantly in terms of the Aristotle score ( p < 0.03). In addition, postoperative urinary output was significantly higher in the patients of the high-flow group 2 ( p < 0.03). Otherwise, the groups were comparable.
Results
Analysis of the immunological parameters revealed no significant differences between the groups (Table 2 ). There were no differences in blood gas analyses between the groups. There was a statistically significant difference only in the base excess (BE) after weaning of CPB. The high-flow patients had higher central venous oxygen saturation levels during and after ECC. There was a time Â group effect of p = 0.478 and a group effect of 0.165 (Fig. 1 ). Cohen's d was higher than >0.5 10 min after CPB (0.67) and at the end of the operation (0.85). The relative quantity of haemoglobin in the skin (time Â group effect of p = 0.171 and a group effect of p < 0.01) and musculature (time Â group effect of p = 0.811 and a group effect of p < 0.01) was already found to be significantly different -20% higher on average -at baseline in all the high-flow patients (Fig. 2 ). Cohens's d was >0.5 at every time of measurement. In view of the oxygen content in the intestinal mucosa, it is evident that there is an initial decrease in the high-flow group (measurement 1-3), while there is a slight increase in the normal-flow group (Fig. 3) . Over the further course (measurement 4-6), the change in oxygen saturation over time is comparable in both groups (time Â group effect of p = 0.916 and a group effect of p = 0.453). At the end of surgery (measurement 7) the patients of the high-flow group had significantly higher saturation levels in the intestinal mucosa ( p < 0.05). Cohen's d was >0.5 at every measurement. Over the course of intensive care, the groups did not differ in terms of fluid supply, administration of packed red blood cells, platelet concentrates or fresh frozen plasma (Fig. 4) . Analysis of urinary output revealed significant group differences. It was higher in the patients of the high-flow group than the normal-flow group ( p < 0.03), without differences in diuretic administration. There was a time -Â group effect of p = 0.084 and a group effect of 0.339.
Discussion
Vasoconstriction is the physiological reaction of the body to hypothermia. While such a reaction to cold is quite useful, it leads to a continual increase in mean arterial pressure during surgery for congenital heart disease with ECC. A rise in the mean arterial pressure to values beyond the normal range may increase the risk of intracerebral haemorrhage in neonates and infants, particularly during heparinisation. In addition, the cardiac surgeon's working conditions seriously deteriorate owing to the fact that hypertension leads to an increased accumulation of blood at the surgical site. The strategy on CPB basically offers two different perfusion techniques for preventing such effects. On the one hand, the calculated flow of the CPB of 2.81 m 2 BSA under hypothermia can be reduced to compensate for the rise in blood pressure. Such a technique is described in numerous publications [9, 10] . The prolonged time on CPB for warming the vasoconstricted extremities appears to be detrimental, however [11] . Furthermore, there appears to be an influx of acidic metabolic end products during the warming phase, at a point when the patient has to be weaned off CPB [12] . In addition, vasoconstriction on CPB always signifies underperfusion and changes in circulation, also of the central organ systems [5, 12] . While the perfusion technique has less influence on the outcome in patients beyond infancy with 'milder' heart defects, the bypass technique could have a decisive influence on the postoperative course in high-risk groups [2, 13, 14] . Hitherto, no systematic study has been performed to compare the effects of the high-flow technique against normal flow with CPB on organ perfusion in infants and children with congenital heart disease. The aim of this study was to use laser Doppler spectroscopy to investigate the effects of two perfusion methods on the circulation in the musculature and splanchnic region, the oxygen content therein, postoperative fluid balance and immunology. The main finding of this study, in a group comparison, was significantly higher central venous oxygen saturation in the high-flow group expressed as a rise in cardiac output (CO) following the period of ECC (Fig. 1) . Furthermore, the fluid balance was improved in this study group. While the influx of crystalloid solution and blood or blood products, respectively, did not differ, there was a clear increase in urinary output in the high-flow children. We interpret this as a sign of improved CO during the early phase post-CPB, particularly as there were no differences in the catecholamine therapy (Fig. 4) . The Haugen et al. study team obtained different results, having studied the relationship of flow rate and arterial pressure on CPB in pigs [15] . These studies found fluid extravasation to be increased in the high-flow model, combined with a positive fluid balance. Unlike the study presented here, vasoconstriction was not prevented with medication. Hence, mechanical filtration into the tissue could have been possible. A further study by the same group aimed to rule out such an influence from medicinal vasodilatation [4] . With a reduced arterial pressure of 35-40 mmHg, there was a similar tendency towards a positive fluid balance in the low-pressure group. The authors concluded that the administration of sodium nitroprusside also increased the development of oedema in the test animals. The difference in our results is found in the varied use of the two perfusion strategies. By reducing the blood pressure in the arteriolar loop of the circulation alone, without simultaneously increasing the flow, there may be negative effects on tissue oxygenation. According to our findings, medicinal vasodilatation should also be combined with an increase in the flow rate. Bastien et al. obtained comparable results [6] . They also investigated the relationship of flow and pressure in splanchnic perfusion in the rabbit. They were able to demonstrate that increased flow was considerably more important than blood pressure with respect to tissue perfusion. While capillary leak syndrome (CLS) was rare in our patient population, it is more apparent in the patients of other study groups. It can only be speculated whether the employed perfusion technique may have a positive influence on the incidence of CLS. In contrast to the methods measuring in near-infrared light, the laser Doppler spectroscopy device emits laser red and white light, which enables obtaining absolute values rather than 'timecourse' data. There is evidence that the limit to hypoxia in tissues is <10% SO 2 [16, 17] . The data of the present study showed that, in some patients in the normal-flow group, 40 min after the beginning of CPB, 20% SO 2 in the intestinal mucosa could be registered (Fig. 3) . It is speculated if the hypoxic threshold of a newborn intestinal mucosa is higher than 10% SO 2 but the data of the normal-flow group indicate that in patients who are at high risk of developing mesenteric ischaemia, such as that known from the hypoplastic left heart syndrome, could profit from the high-flow technique [18] .
No difference could be found between the groups in terms of the immunological parameters ( Table 2 ). The increase in the studied parameters was similar somewhat to the findings made by other researchers, and was not remarkable [19] [20] [21] [22] [23] . The reduction of blood pressure with medication at the same time as an increase in flow did not have a negative effect on the inflammatory reaction post-ECC in the children studied. Similar results were found by the Eggum study team [24] . They investigated the effect of various body temperatures and bypass times on immunological parameters comparable to this study. Only in the group of children with a body temperature of 25 8C was there a slight increase in IL-8 postoperatively. A significant increase in the inflammatory parameters resulted only from a prolonged bypass time. Such CPB times were not reached in our study.
A fundamental criticism of the presented study is the fact that the groups were analysed in a significantly different way in terms of the Aristotle score (AS). While the high-flow group had a mean AS of 8.4 AE 3, the children of the normal-flow group had an AS of 10.6 AE 3.2, corresponding to an increased severity of heart disease. Because the intra-operative parameters such as ECC time, aortic cross-clamp, duration of anaesthesia, ventilation time and catecholamine administration were comparable statistically, the difference in the AS should be less important with respect to the study results. The course of transcutaneously measured oxygen saturation in the skin and forearm musculature also differed overall between the study groups during the observation period with p < 0.05 (Fig. 2 ). There were no differences over time. Such group differences could be attributable to the varying intensities of the heart disease. With regard to the progress of intestinal circulation and oxygen saturation in the two groups over time, it is noticeable that in the normal-flow group, which had a higher AS, there was a continuous increase in mucosal O 2 saturation until the start and also for 10 min after starting CPB. This observation is not actually statistically significant, but could be due to potential vasodilation from the anaesthetic.
Studying the progress of blood flow velocity and oxygenation of the intestinal mucosa in selected patients, it is evident that the early period of CPB, in particular, appears to be crucial in terms of intestinal under-perfusion. This could be associated with fluctuations in flow as much as a drop in haematocrit due to haemodilution (Fig. 5) .
Another observation could be made during modified ultrafiltration (MUF) [25] . A significant drop in mucosal O 2 saturation could be seen in one patient immediately after starting MUF, which, after stopping MUF, increased to values that were much higher than those immediately after ECC and prior to MUF. Because the blood is transferred from the aorta into the bypass after stopping ECC during MUF and is returned to the body via the venous cannula following oxygenation and haemofiltration, too rapid a withdrawal could result in a drop in the CO, which, in turn, results in depression of the peripheral circulation (Fig. 6) . After stopping MUF, the increase in haematocrit and the related, greater peripheral resistance could result in improved tissue oxygenation and, in parallel, a measurable rise in blood flow velocity (Fig. 6 ).
Conclusion
Laser Doppler spectroscopy is highly suited to the detection even of the slightest changes in flow characteristics and oxygenation of the skin, musculature and intestinal mucosa during surgery with ECC using CPB. At the same time, the technique of HFLR perfusion was found to have benefits over conventional bypass methods. No disadvantages to the patients could be found. The extent to which such a strategy was able to positively influence the outcome of the patients could not be demonstrated due to the low patient numbers. Considerations of bypass time and HFLR, as well as the implications for surgery under deep hypothermia, would be worthy of further study. A reduction during the CPB phase is clearly visible (the arrow indicates the start of ECC). At 09:57 when starting ECC an immediate reduction of intestinal oxygenation could be measured. At 10:16 the SO 2 returned to >35%. From the time course of intestinal SO 2 it could be speculated that there was a short period of haemodynamic instability from 09:47-09:52 during the preparation for starting ECC (i.e. aortic cannulation). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of the article.) Fig. 6 . The beginning (arrow) of modified ultrafiltration (MUF) causes a reduction in the oxygen saturation of the intestinal mucosa which regresses immediately after MUF is stopped (arrow). A significant reduction of measured rHb as shown on this original registration is indicating a reduction of capillary filling of the vessels smaller than 100 mm. Additionally flow and SO 2 is markedly reduced which could be due to an excessive MUF flow.
